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where ˆ n and ˆ ⌧ are respectively the unitary normal and tangent to the ﬂuid-solid boundary.
In order to satisfy the second requirement, a kernel that only depends on the distance to the
boundary is used
K✏(~ x,~ y)=K✏(~ x · ˆ n ˆ n,~ y · ˆ n ˆ n)( 9 )
Assuming the boundary is locally ﬂat (ˆ n is constant across the support of the kernel), the
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The convolution then simpliﬁes to:
b✏(~ u,~ x) ⇡ b(~ u,~ x)
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1 are respectively the zeroth and ﬁrst moments of the one-dimensional
kernel  ✏ over ⌦b. Similar expressions can be obtained when the boundary is not locally ﬂat.
For example, the derivation in the presence of a sharp corner can be found in Appendix A.
The same simpliﬁcation holds for f✏(~ u,~ x):












1 are the moments over ⌦f. In order for the present method to be com-
patible with most existing Navier-Stokes solvers, the kernel  ✏ is chosen symmetric posi-
tive. This choice guarantees the convergence of a broad spectrum of algorithms traditionally
used to solve the Navier-Stokes equations. The symmetry of the kernel also ensures that
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 ﾠ
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 ﾠ
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 ﾠ
magnitude	 ﾠSecond-ﾭ‐order	 ﾠenables	 ﾠnear	 ﾠﬁeld	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predic ons	 ﾠon	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 ﾠ
•  O(1)	 ﾠmethod	 ﾠdiverges	 ﾠdue	 ﾠto	 ﾠpressure	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 ﾠ
•  BDIM	 ﾠO(2)	 ﾠmatches	 ﾠbody-ﾭ‐ﬁ ed	 ﾠpredic ons	 ﾠ
Figure 7: Flow past a stationary SD7003 airfoil at 4  angle of attack and Re = 10000, instantaneous
vorticity for the 1st and 2nd order BDIM formulations. Unlike Fig 5, only the 2nd order method
gives a qualitatively correct prediction of separation.
Figure 8: Convergence of 1st order (⇤) and 2nd order ( ) BDIM for constant ✏/dx = 2 for ﬂow
past a stationary SD7003 airfoil at Re = 10000, where k = !D/(2⇡U). Results are compared to
values from Uranga [29] (dashed lines).
geometric expansion ratio for the grid spacing in the far-ﬁeld. The low curvature separation
and very sharp trailing edge make this case extremely challenging for Cartesian-grid methods.
The sharp trailing edge requires a careful treatment in order to provide accurate predictions.
The formulation derived above (Eq. 11) assumes that the IB is locally ﬂat but it can easily
be extended to account for a sharp corner (see derivation in the Appendix). We ﬁrst consider
aR e y n o l d sn u m b e r( b a s e do nt h ec h o r dc) Re = 10000 at which the ﬂow is expected to
remain laminar and two dimensional over the wing surface, with a periodic vortex shedding
[29].
Figure 7 shows instantaneous vorticity ﬁelds computed by both BDIM formulations for
h =2a n d✏/dx = 2. Whereas the 2nd order method shows laminar separation and periodic
vortex shedding as expected at this Reynolds number (detailed in [29]), the 1st order one
shows vortices forming on the upper surface of the foil. This example compared to the
previous one illustrates the fact that the local accuracy assumes a much greater importance at
high Reynolds number, especially when low curvature separation is involved. At low Reynolds
number, Figure 5 shows that the low and higher order methods predict qualitatively similar
results. However, on this more challenging high Reynolds number example, the lower order
method fails to predict the proper qualitative behavior because a higher order treatment
of the boundary is necessary to address the large discontinuity in the velocity derivative
illustrated in Figure 1b.
A grid reﬁnement study has been performed in order to establish the convergence proper-
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 ﾠﬂow	 ﾠbecomes	 ﾠthree-ﾭ‐dimensional	 ﾠ
at	 ﾠthe	 ﾠtrailing	 ﾠedge	 ﾠ
Spanwise	 ﾠvor city	 ﾠiso-ﾭ‐contours	 ﾠHeaving	 ﾠand	 ﾠpitching	 ﾠfoil	 ﾠat	 ﾠRe=100K	 ﾠ
Leading	 ﾠedge	 ﾠ
vortex	 ﾠremains	 ﾠ
a ached	 ﾠ Tuncer	 ﾠ&	 ﾠPlatzer	 ﾠ2000	 ﾠHeaving	 ﾠand	 ﾠpitching	 ﾠfoil	 ﾠat	 ﾠRe=100K	 ﾠ
•  O(2)	 ﾠpredicts	 ﾠsmooth	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